Fumonisins are structurally related mycotoxins produced by the mold Fusarium moniliforme, which is the most common fungal contaminant of com. Fumonisin (FB 1 ) is the most abundant of the fumonisins produced by F. moniliforme. The fumonisins cause encephalomalacia in horses 11 and pulmonary hypertension with pulmonary artery medial hypertrophy and right ventricular hypertrophy in swine, 4, 21 are hepatotoxic in most animal species 3, [8] [9] [10] 14, 24 and carcinogenic in rats 6 and possibly people, 22 and are nephrotoxic in rats and rabbits. 8, 24 Swine also exhibit altered myocardial function when exposed to fumonisins, and porcine cultured endothelium exhibits disruption of barrier function when FB 1 is present. 7,21 Previously, cattle fed fumonisins experimentally for short periods of time to determine the effects exhibited only minimal hepatic and immune function changes. 14, 15 Cattle in feed lots are fed large quantities of corn for weight gain and occasionally develop pulmonary hypertension and congestive heart failure even at altitudes that are not usually considered a risk for pulmonary hypertension. This experiment was conducted to determine if cattle develop pulmonary hypertension in response to consumption of fumonisins for prolonged periods of time at altitudes that are not usually associated with pulmonary hypertension in cattle.
Fumonisins are structurally related mycotoxins produced by the mold Fusarium moniliforme, which is the most common fungal contaminant of com. Fumonisin (FB 1 ) is the most abundant of the fumonisins produced by F. moniliforme. The fumonisins cause encephalomalacia in horses 11 and pulmonary hypertension with pulmonary artery medial hypertrophy and right ventricular hypertrophy in swine, 4, 21 are hepatotoxic in most animal species 3, [8] [9] [10] 14, 24 and carcinogenic in rats 6 and possibly people, 22 and are nephrotoxic in rats and rabbits. 8, 24 Swine also exhibit altered myocardial function when exposed to fumonisins, and porcine cultured endothelium exhibits disruption of barrier function when FB 1 is present. 7, 21 Previously, cattle fed fumonisins experimentally for short periods of time to determine the effects exhibited only minimal hepatic and immune function changes. 14, 15 Cattle in feed lots are fed large quantities of corn for weight gain and occasionally develop pulmonary hypertension and congestive heart failure even at altitudes that are not usually considered a risk for pulmonary hypertension. This experiment was conducted to determine if cattle develop pulmonary hypertension in response to consumption of fumonisins for prolonged periods of time at altitudes that are not usually associated with pulmonary hypertension in cattle.
Fusarium moniliforme was prepared as previously described. 26 The F. moniliforme culture material was ground to a fine powder and analyzed for FB 1 by high-performance liquid chromatography (HPLC) as previously described. 27 The culture material contained 5,500 mg FB 1 /kg. This F. moniliforme culture material was mixed with com lacking FB 1 , and the resulting mixture was reassayed. The average fumonisin B 1 , B 2 , and B 3 levels in the final corn mixture fed to cattle was 328 FB 1 , 89 ppm FB 2 , and 23 ppm FB 3 .
Five Holstein steers weighing 86-127 kg were individually housed in pens enclosed in an unheated barn and fed either alfalfa/grass mixed hay and rolled corn (group A) or alfalfa/grass mixed hay and corn mixed with fumonisin culture material (group B). Cattle were purchased after being weaned, allowed to acclimate to the environment, and fed corn at an increasing amount over a period of 7 days to a final consumption level of 0.72% of body weight once daily in all calves. Following 1 week of dietary acclimation, group A cattle were fed rolled corn at the same rate as group B calves. Group B calves were acclimated to the fumonisincontaminated corn over a period of 7 days by blending on treated corn and fumonisin-contaminated corn until after 7 days the diet was entirely fumonisin-contaminated corn fed at the rate of 0.72% of body weight. Cattle were weighed weekly throughout the experiment, and the amount of corn fed to each calf was adjusted accordingly. Because only minimal effects were evident in the fumonisin-fed cattle, the amount of corn fed group A and B calves was slowly increased over 7 days to 1.07% of body weight, beginning 161 days after initiation of feeding fumonisin-contaminated corn. The amount of FB 1 consumed initially by each calf in group B was 2.36 mg/kg body weight, and the dose was increased to 3.54 mg/kg after 23 weeks. Cattle were fed for 239-253 days, euthanized with pentobarbital, and necropsied.
Blood was collected from calves in groups A and B once every 4 weeks. A complete blood count was made from blood added to tubes containing ethylenediaminetetraacetic acid. Serum aspartate aminotransferase (AST) and gamma glutamyltranspeptidase (GGT) activities and total bilirubin and cholesterol concentrations were determined from serum collected after blood was allowed to clot. Following euthanasia, a complete necropsy was performed on each calf, and samples of myocardium, spleen, lymph node, rumen, omasum, abomasum, small intestine, cecum, colon, liver, kidney, and brain were collected and placed in 10% neutral buffered formalin. Fresh livers from 4 calves were wrapped in aluminum foil and frozen for determination of sphinganine/ sphingosine ratios by HPLC as previously described. 12 The heart was removed rinsed and trimmed of excess tissue, then the right ventricle free wall was removed and the dissected free wall and left ventricle plus the interventricular septum were each weighed. The left lung lobe was removed, and a 60 C 1% gelatin solution was infused into the isolated left pulmonary artery under 55 cm of water pressure by gravity for 5 minutes. Cold 10% neutral buffered formalin was then infused into the main stem bronchus under 30 cm of water pressure and left in place for 24 hours. Portions of lung and all organs were then cut, embedded in paraffin, and stained with hematoxylin and eosin (HE). Additionally, sections of lung were stained with silver by the method of van Giesen. Cross-sectional areas of the tunica media of at least 20 pulmonary arteries, 75-100 m in diameter and stained with silver, were determined. Vessel areas were calculated from digital images. a Measurements on digital images were performed using image analysis software. b All data were evaluated by standard analysis of variance or analysis of variance for repeated measures. c Data were considered not significant at P Ͼ 0.05.
Serum AST activity was significantly different between fumonisin-fed cattle and the control cattle ( Fig. 1 ). All cattle began with a similar serum AST activity; however, 2 of 3 fumonisin-fed cattle had increased serum AST activity compared with the control cattle at 4 weeks, and the AST of all fumonisin-fed cattle remained elevated over the feeding pe- riod. After 28 weeks of feeding, 1 fumonisin-fed animal had a transient elevation of serum AST activity, which declined by the next sample time. Serum GGT activity was also significantly different between fumonisin-fed cattle and control cattle (Fig. 2) . GGT activity was similar at time 0, but by 14 weeks GGT activity in all the fumonisin-fed cattle was elevated and that in the control cattle was unchanged. Serum GGT activity declined during weeks 16-24 but began to increase again at weeks 28 and 32. Serum cholesterol and total bilirubin concentration were not significantly different between the 2 groups of cattle. Serum bilirubin was variable and erratic for all animals. Although not significant, serum cholesterol concentration increased in fumonisin-fed cattle in a pattern similar to the serum GGT activity of each group. The sphinganine/sphingosine ratios of the 3 fumonisin-fed calves (636, 792, and 785) were 1.4, 2.2, and 3.4, respectively; the ratio for a control calf (621) was 0.1.
No gross lesions were detected in group A or group B cattle at necropsy, and tissues were collected for histologic evaluation. The heart was of normal dimension, and fluid had not accumulated in any tissue. Ventricle wall weights were not different between groups. Histologic examination of tissues from all animals demonstrated that cattle fed fumonisin had mild changes in hepatocellular morphology accompanied by mild bile duct epithelial changes. There was karyomegaly of hepatocellular nuclei, with occasional dense, shrunken hepatocyte nuclei and mitotic figures of hepatocytes ( Fig. 3) . Billiary epithelial cells exhibited mild anisokaryosis and piling on of epithelium ( Fig. 4 ). Pulmonary arterioles had normal morphology in control and fumonisinfed cattle. When the tunica media cross-sectional areas of small arterioles were compared between groups, there were no significant differences. Liver disease is a common abnormality associated with fumonisin ingestion. 13 Corn concentrations of FB 1 that cause pulmonary hypertension and pulmonary edema in swine caused only mild elevations of biliary and hepatocellular enzyme activities in the serum of cattle and minimal gross or microscopic alterations in the liver only. The FB 1 culturecontaminated corn fed to cattle in this study had 328 ppm of FB 1 , which is considered a significantly high level of contaminating when compared with naturally contaminated corn. This concentration of fumonisin was fully consumed except for the 2 or 3 days when it was refused by the cattle. This feeding schedule is similar to that in a previous report of experimental fumonisin feeding in cattle of 26-105 ppm FB 1 in the feed. 14 Fusarium moniliforme-contaminated corn has resulted in feed refusal in cattle previously, but FB 1 concentrations were not determined. 1 Higher concentrations of FB 1 in the diet would likely have resulted in cattle refusing to consume the corn entirely.
The mild histologic changes of bile duct epithelium are suggestive of increased biliary epithelial cell turnover. Hepatocytes exhibited focal nuclear pyknosis and cellular shrinkage resembling apoptosis. Hepatocellular injury and biliary epithelial hyperplasia have been noted in livers of cattle fed FB 1 , 14 but apoptosis of hepatocytes has been identified only in rats and rabbits. 2, 23 The cause of the biliary and hepatocellular injury during fumonisin exposure is not known. Fumonisins inhibit ceramide synthase in the de novo synthesis of sphingosine, with increased sphinganine/sphingosine ratios in livers of intoxicated animals. 25 Sphingolipids are important regulators of cellular biological activity; however, why inhibition of ceramide synthase results in cell death is not known. 18 Mild histologic lesions in these cattle suggest that the oral dose of fumonisin may have been mitigated by rumen metabolism of fumonisin, but liver sphinganine/sphingosine ratios Ͼ1 indicated absorption of fumonisin by these calves. The normal ratio of sphinganine/sphingosine in liver reported in other species and in a control calf is Ͻ0.5, and FB 1 -exposed animals have a ratio that slightly or greatly exceeds 1:1. 7, 8, 17, 19, 20 The effects of FB 1 consumption by pigs is dose dependent. Pigs fed corn with 200 ppm of FB 1 but consuming Ͻ16 mg FB 1 /kg/day only developed icterus and hepatocellular necrosis. 5 Pigs fed Ͼ16 mg FB 1 /kg/day developed pulmonary edema. 5 The highest dose of FB 1 previously reported to be fed to cattle was 2.36 mg/kg body weight daily for 31 days. 14 The cattle reported in this study received FB 1 for a longer time period and with a terminally higher dose (2.36 mg/kg/ day increased to 3.54 mg/kg/day). Prolonged feeding and a higher dose of FB 1 did not result in pulmonary edema or pulmonary hypertension in these cattle. It would be difficult to feed cattle a greater amount of FB 1 for as long a period as described here. Increasing the intake of contaminated corn to 4% of body weight/day would result in a dose (13.2 mg FB 1 /kg/day) less than that required to cause pulmonary edema in swine (16 mg FB 1 /kg/day). 15 Higher concentrations of FB 1 in corn fed to cattle would likely result in feed refusal. Cattle may develop pulmonary edema or pulmonary hypertension at a dose less than that required to do so in swine, but it would be difficult to feed sufficient contaminated corn that cattle would willingly ingest and also still tolerate the high carbohydrate intake to significantly increase the FB 1 dose above the amount fed in this study. 1, [3] [4] [5] [6] 9 The Office of International Des Epizooties (OIE) classifies all 3 diseases as reportable List B conditions, and many OIE member nations maintain regulatory animal health controls to prevent the occurrence or spread of these diseases. 3 These controls often include a requirement that equids presented for importation be seronegative for each of the 4 infectious agents involved. Many nations, including the United States, have maintained piroplasmosis-, dourine-, and glanders-free equine populations for many years. 1, 3, 6 Four separate complement fixation tests (CFT) are usually conducted for serodiagnostic purposes, 1 CFT for antibodies against each of the infectious agents. 2, 3 The OIE also prescribes alternative test methods, and these must be used with sera that produce anticomplementary or otherwise spurious reactions in the CFT. [3] [4] [5] 9 This testing is laborious and complex because no single accepted method can be applied to conduct the entire battery of alternative tests. Indirect fluorescent antibody (IFA) tests can be used to detect B. equi and B. caballi antibodies, an enzyme-linked immunosorbent assay (ELISA) can be used to detect B. mallei antibody, and IFA, ELISA, or agar gel im-From the Diagnostic Bacteriology Laboratory, National Veterinary Services Laboratories, Veterinary Services, Animal and Plant Health Inspection Service, US Department of Agriculture, Ames, IA 50010.
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Received for publication May 26, 1998. munodiffusion (AGID) tests are approved for T. equiperdum serodiagnosis. [3] [4] [5] 9 Sera that contain antibodies to 1 or more of these pathogens produce reproducible, unique immunoblot patterns against homologous agent antigens. This observation has been used to develop an immunoblot method permitting the rapid simultaneous performance of serodiagnostic tests for all 4 pathogens on a single nitrocellulose strip. The 4 antigens used in the immunoblot method were identical to those used in the CFT and were prepared as previously detailed. 2, 3 Each antigen was diluted 1:20 (v/v) in water and then boiled 5 minutes in an equal volume of denaturing solution. 7 Diluted denatured antigens were then applied in repeating series to individual 3-mm-wide lanes of 8-16% (v/v) polyacrylamide gradient gels a (Fig. 1 ). Subsequent gel electrophoresis and semidry transfer of separated antigens onto nitrocellulose membranes b was completed in a standard manner. 7 Membranes were then frozen (Ϫ70 C) and retrieved as needed with no detectable degredation in quality for at least 6 months when thus stored.
Test sera were diluted 1:20 (v/v) in 50 ml Tris-buffered saline (pH 8.0) containing 0.1% (v/v) Tween-20 detergent c (TBST) and 2.5% (v/v) fish gelatin. d A nitrocellulose strip bearing 4 antigen lanes (1 lane per pathogen) and 1 molecular size marker lane was incubated 45 minutes in the diluted test serum. Similarly diluted positive and negative control sera were incubated concurrently on separate strips as routine quality control monitors. The positive control serum was an equal volume mixture of 4 CFT reference control anti-
